Stress-induced Phosphorylation and Activation of the Transcription Factor CHOP (GADD153)
by p38 MAP Kinase
XiaoZhong Wang and David Ron* CHOP, a member of the C/EBP family of transcription factors, mediates effects of cellular stress on growth and differentiation. It accumulates under conditions of stress and undergoes inducible phosphorylation on two adjacent serine residues (78 and 81). In vitro, CHOP is phosphorylated on these residues by p38 mitogen-activated protein kinase (MAP kinase). A specific inhibitor of p38 MAP kinase, SB203580, abolished the stress-inducible in vivo phosphorylation of CHOP. Phosphorylation of CHOP on these residues enhanced its ability to function as a transcriptional activator and was also required for the full inhibitory effect of CHOP on adipose cell differentiation. CHOP thus serves as a link between a specific stress-activated protein kinase, p38, and cellular growth and differentiation.
CHOP, also known as growth arrest and DNA damage-inducible gene 153 (GADD153), is expressed in response to various metabolic stresses in all cells tested (1) . By forming heterodimers with members of the C/EBP family of transcription factors, CHOP influences gene expression as both a dominant-negative regulator of C/EBP binding to one class of DNA targets (2) and by directing CHOP-C/EBP heterodimers to other sequences (3) . Both modes of action are implicated in the effects of CHOP on cellular growth (4, 5) and differentiation (6) . In addition to inducing CHOP expression, stress increases the ability of CHOP to activate gene expression (3) . This latter observation prompted us to study the possible stress-induced posttranslational modification of CHOP. In stressed cells, CHOP is present in two forms, distinguishable by their migration in SDS-polyacrylamide gel electrophoresis ( Fig. IA) 2*~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ZX-7,
Eletrpoei pH 8 9-x :tt f with the antibody to 9E10 (17), were digested with trypsin and the phosphopeptides separated by electrophoresis and thin-layer chromatography and visualized by autoradiography (18) . The circles mark the origin of the run. The arrows mark the position of the two peptides that underwent inducible phosphorylation upon MMS treatment. The peptide marked "X" was constitutively phosphorylated. The predicted sequence of the tryptic phosphopeptides, with small arrows denoting the tryptic cleavage sites, is shown above the autoradiograms (19 
9E10
was not a substrate for p38 ( Fig. 2A) Sert8, whereas the activity of the related SAPK-ls was increased (Fig. 2, B and C) . Collectively, these findings implicate p38 in the phosphorylation of CHOP in vivo. The ability of methyl methanesulfonate (MMS) to transcriptionally induce CHOP (1, 2) was not inhibited by SB203580. Thus, different stress-induced pathways regulate the transcription of CHOP and its phosphorylation.
CHOP does not homodimerize. When present in cells, it forms stable heterodimers, predominantly with C/EBPP3 (3) . Indistinguishable quantities of C/EBPI were found to be associated with wild-type and Ala78'8' CHOP in both stressed and unstressed cells (Fig. 3A) . The DNA binding activity of CHOP, measured through use of a gel mobility-shift assay on a site that binds CHOP-C/EBP heterodimers, was also not affected by the Ala78'8' substitution (Fig. 3B) (22) .
The labeled proteins were evaluated as in Fig. 1 C. The asterisk marks the position of an unidentified tryptic phosphopeptide that is a result of a cellular kinase activity contaminating the purified enzyme preparations (this phosphopeptide was also present when inactive forms of the recombinant kinases were used). The inserts show phosphorylation of previously established substrates by our purified kinase preparations [GST-Jun for SAPK-113 (12, 20) Fig. 1 B. The indicated concentration of SB203580 was added 30 min before MMS treatment. SB203580 inhibits MMS-induced phosphorylation of CHOP in a dose-dependent manner (top, autoradiogram) with no effect on 9E1 0 CHOP expression or on the induction by MMS of the endogenous CHOP (middle, CHOP protein immunoblot). In-gel kinase assay of SAPK-1 s with GST-Jun as a substrate (23) shows that the activity of SAPK-1 s is increased (bottom). (C) Tryptic phosphopeptide mapping of CHOP from cells treated with MMS in the absence or presence of SB203580 (10 ,uM) shows that inhibition of CHOP phosphorylation occurs at Ser78 and Ser81. The peptide marked "X" was constitutively phosphorylated. (Fig. 3C) . Overexpression of CHOP leads to attenuated adipocytic differentiation of 3T3-L1 cells (6) . This effect is dependent on the ability of the protein to dimerize and bind DNA. We compared the ability of wild-type and of Ala78'81 CHOP to inhibit adipocytic differentiation in 3T3-L1 cells. Both proteins inhibited differentiation; however, cells expressing wild-type CHOP showed less lipid accumulation than cells expressing the Ala78'81 substitution mutant (Fig. 3D) . Thus, we conclude that Ser78 and Ser81 are necessary for the full biological activity of CHOP. Under favorable conditions, CHOP is not present in cells. Stress leads to accumulation of CHOP in the nucleus. Our results indicate that stress also leads to phosphorylation of the protein and that this modification results in enhanced transcriptional activation by CHOP. The CHOP accumulation in response to stress is apparently dependent on the activity of cellular kinases because it can be inhibited by the broadspectrum kinase inhibitors 2-aminopurine and H7 (1) . However, the signaling pathway that activates CHOP phosphorylation is distinct from the one that leads to CHOP expression; an inhibitor of p38 does not block CHOP expression (Fig. 2B) 
